INTRODUCTION
Structural robustness is recognised as a desirable property of structural systems which mitigates their susceptibility to progressive collapse. However, there is some confusion in the literature regarding the usage of the terms structural robustness and collapse resistance as well as competing expressions such as prescriptive vs. performance-based, threat-specific vs. threatindependent or indirect vs. direct design. This article tries to distinguish between the different meanings of these four pairs of terms, which are important concepts in the field of progressive collapse. In this context, design strategies and associated methods to prevent progressive collapse are briefly explained.
STRATEGIES TO PREVENT PROGRESSIVE COLLAPSE
Currently, there is no unique definition of what constitutes a progressive collapse, not even in standards and design guidelines. A selection of interpretations for the term progressive collapse is mentioned in Table 1 . In short, progressive collapse is characterised by the loss of the loadcarrying capacity of a relatively small part of a structure due to an abnormal event triggering a series of subsequent failures of components not directly affected by the initial event. This, in turn, leads to additional damage. It could result in a widespread collapse of large parts or the entire structure, disproportionately to the magnitude of the local triggering event.
"Progressive collapse is defined as the spread of an initial local failure from element to element resulting, eventually, in the collapse of an entire structure or a disproportionate large part of it." [ASCE 7-05 2005] "A progressive collapse is a situation where local failure of a primary structural component leads to the collapse of adjoining members which, in turn, leads to additional collapse. Hence, the total collapse is disproportionate to the original cause." [GSA 2003 ] "Progressive collapse. A chain reaction failure of building members to an extent disproportionate to the original localised damage." [UFC 4-010-01 2003 ] "Disproportionate collapse results from small damage or a minor action leading to the collapse of a relatively large part of the structure. [...] Progressive collapse is the spread of damage through a chain reaction, for example through neighbouring members or storey by storey. Often progressive collapse is disproportionate but the converse may not be true." [Agarwal and England 2008] "Progressive collapse, where the initial failure of one or more components results in a series of subsequent failures of components not directly affected by the original action is a mode of failure that can give rise to disproportionate failure." [Canisius et al. 2007 ] "A progressive collapse is characterised by the loss of load-carrying capacity of a relatively small portion of a structure due to an abnormal load which, in turn, triggers a cascade of failure affecting a major portion of the structure." [Gross and McGuire 1983] The following provides some additional thoughts as to the process of progressive collapse. As a starting point, an abnormal event E is considered, which acts on the structure and causes an initial local failure, thus shifting the structure into an initial damage state D. The initial damage manifests itself as a serious reduction in the load-carrying capacity (sectional weakening) or as a complete loss of the load-carrying capacity (component failure) of a limited structural area. In addition, the state of other areas of the structure can be altered from the original design state by the immediate effects of E. In this way, the damage state D captures the condition of the structure an instant after the abnormal event E has occurred -admittedly an unstable and only theoretical condition, since the structure will react immediately to this damage state. The manner in which the structure reacts to D is an inherent structural characteristic.
The probability of progressive collapse P(C) as a result of an abnormal event can be broken down into its major constituents according to the explanation above and represented as a chain of partial probabilities [NISTIR 7396 2007] :
In this equation, P(E) denotes the probability of occurrence of an abnormal event E that threatens the structure; P(D|E) is the conditional probability of initial damage state of local damage D as a result of the abnormal event E; and P(C|D) denotes the conditional probability of the collapse C of the structure as a result of damage state D. Using (1), different appropriate strategies to limit the probability of a progressive collapse could be identified that aim to reduce the values of the partial probabilities:
• Prevent the occurrence of abnormal events. This strategy focuses on reducing the probability of occurrence of abnormal events by event control, i.e. P(E).
• Prevent the occurrence of local significant structural failure in consequence to the occurrence of abnormal events. The structure should possess enough protection or local resistance to withstand specific abnormal events without suffering any damage. This strategy is aimed towards the (local) element behaviour. The goal is to reduce the probability of local significant structural failure following given abnormal events, i.e. P(D|E).
• Prevent the collapse of the structural system in the case of local significant structural failure. The structural system should be designed to provide effective measures to limit the spread of structural failure in consequence to initial local structural failure -an internal property of structural systems that should be called structural robustness. This strategy is aimed towards the (global) system behaviour. The goal of this strategy is to reduce the probability of structural system collapse following a given local failure, i.e. P(C|D). [Agarwal and England 2008] "Structural robustness can be viewed as the ability of the system to suffer an amount of damage not disproportionate with respect to the causes of the damage itself." [Biondini et al. 2008] "The robustness of a structure, intended as its ability not to suffer disproportionate damages as a result of limited initial failure, is an intrinsic requirement, inherent to the structural system organisation." [Bontempi et al. 2007 The design strategies described above are graphically depicted in Figure 1 . The first and the second strategy aimed at P(E) and P(D|E) could be entitled "prevent collapse initiation" and the third strategy aimed at P(C|D) could be entitled "prevent collapse progression". The strategies are set in conjunction with the the terms event control, protection, local resistance and, in particular, robustness and collapse resistance. The latter two terms are further explained in the following section.
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ROBUSTNESS AND COLLAPSE RESISTANCE
The term robustness appears frequently in publications and discussions on progressive collapse. Even so, it is used differently by different authors and there is no general agreement to date as to its precise meaning. A selection of proposed interpretations for the term robustness in the context of progressive collapse is listed in Table 2 . These interpretations can be summarised in such a way that robustness refers to the ability of a structure not to react disproportionately to either abnormal events or initial failures. So the main difference between these interpretations is whether the response of the structure to an abnormal event or to an initial failure is the basis for the definition. It seems appropriate to introduce distinguishable properties according to these two ways of interpretation: collapse resistance and robustness.
It is suggested to define the term collapse resistance as the insensitivity of a structure to accidental circumstances, that is, to unforeseeable and low-probability events [Starossek 2006 [Starossek , 2009 . Accidental circumstances and their possible effects on the structure as well as insensitivity must be defined and quantified by design objectives. Accidental circumstances could have the capability of causing initial local failure, and thus trigger progressive collapse. Collapse resistance is a property that depends on both local and global structural features as well as accidental circumstances and is associated with the probability P(C). It can be addressed by event control, protection, local resistance or robustness as shown in Figure 1 .
The authors recommend defining the term structural robustness as the insensitivity of a structure to local failure, where insensitivity and local failure must be quantified by design objectives [Starossek 2006 [Starossek , 2009 . According to this definition, structural robustness is a purely structural property in the sense that the cause and probability of local failure and thus also the nature, extent and probability of triggering accidental circumstances are immaterial. It is associated with the conditional probability P(C|D) [see also Val and Val 2006] .
Reducing the probability of progressive collapse, and thus P(C), is the overall design goal in progressive collapse design. Therefore, it is necessary to provide a structure with collapse resistance. It should be emphasised again that according to (1), robustness is one possibility for achieving collapse resistance, not an alternative. The definitions of collapse resistance and robustness suggested here bring about a clear distinction between the corresponding propertieswhich is the essential point. As long as such distinction is retained, these properties could be named differently if no consensus on a redefinition of the term robustness is reached.
DISTINGUISHING DESIGN APPROACHES
The following pairs of related concepts, namely direct vs. indirect design, threat-specific vs. threat-independent design, and prescriptive vs. performance-based design are regularly used in the context of collapse resistant design of structures. The meanings of these concepts are briefly explained below.
Direct vs. Indirect Design
Direct design and indirect design as well as event control are the most commonly used terms to categorise approaches to the prevention of progressive collapse. Direct design methods explicitly consider resistance to progressive collapse during the design process by demonstrating that the structure has sufficient strength to resist specified hazard scenarios (e.g., events, loads, damages) that are likely to endanger the structural system [Dusenberry and Juneja 2002] . For this, it should be demonstrated that key structural elements are able to withstand specified actions (local resistance) or that the remaining load paths of the structure are sufficient to confine and arrest a collapse in the case of local damage (robustness). So, direct design methods rely heavily on structural analysis.
In contrast, indirect design implicitly aims at increasing the resistance of the structure against progressive collapse by incorporating features into a building system that are known to enhance the robustness. This is done without specific consideration of loads or events that could trigger progressive collapse and without the need to demonstrate this [Dusenberry and Juneja 2002] . Such features are summarised in codes and comprise provisions for minimum levels of strength, continuity and ductility [ASCE 7-05 2005] .
Threat-Specific vs. Threat-Independent Design
Threat-specific design (also called threat-dependent design) is intended to design structures for specified threats that are likely to endanger the structural system. These threats must be derived from experience and expectation, and quantified through risk assessment. It must be evaluated whether these threats will cause the failure of structural elements and if this will subsequently trigger a progressive collapse. The main shortcoming of threat-specific design is that all possible threats acting on the structure during its lifetime must be identified. Furthermore, their effect on the structure (in terms of loads, damages, etc) must be quantified. This seems unfeasible considering that the future is unknown and some threats remain unpredictable.
In contrast, threat-independent design (also known as non threat-specific design) is intended to provide a minimum level of collapse resistance where no known threat currently exists or where known threats could not be quantified. Instead of considering a specific threat, threatindependent design starts with the assumption of nominal actions (loads, etc) or damage (notional removal of an element).
It should be mentioned that the notion threat-independent is misleading since the notional actions and damages used in threat-independent design guidelines are based on a specific range of assumed basis threats that provide a reasonable baseline for the design of regular buildings. Threat-independent design obtains its authorisation from the assumption that structures designed for basis threats also have a beneficial behaviour against other threats.
Threat-specific and threat-independent are different ways of specifying the hazard scenario (events, loads, damages) for the design of collapse resistant structures. The execution of structural analyses conducted with these specified hazard scenarios is independent of the way in which they are obtained. The term threat-specific could be equated with the paraphrase "events and effects are quantified" and threat-independent with "events and/or effects are not quantified", which are headlines used by [Marchand et al. 2008a ] to distinguish approaches for the mitigation of progressive collapse. These paraphrases are more explicit and it seems advantageous to use them instead of the terms threat-specific and threat-independent.
Prescriptive vs. Performance-Based Design
Prescriptive design (also called specification-based design or code-based design) is based on incorporating features into a building system that are known to enhance the safety of structures. These features are prescribed in building codes and design guidelines. They comprise criteria that regulate acceptable construction materials, identify approved structural systems, specify required minimum levels of strength and stiffness, and control the detailing [FEMA 445 2006] . Such features are mainly based on experiences with identical or similar building structures, and their benefits must not be demonstrated for every structure again. Although prescriptive criteria are intended to result in certain levels of performance, the actual performance capability of individual building designs is not assessed [FEMA 445 2006] . Since prescriptive criteria are based on experience, they seem only appropriate for the design of traditional structures with regular building configurations; exceptional buildings could not be designed using prescriptive criteria only.
In contrast to prescriptive design, performance-based design explicitly evaluates how a structure is likely to perform under a given set of hazards that are likely to be experienced in the future [FEMA 445 2006] . The performance-based design process begins with the specification of performance objectives that must be met and thus serve as the basis for the design; specific hazard scenarios (abnormal events; loads and damage states, without regard to cause) must be identified. The designer has to demonstrate that the structural system design meets the desired performance objectives [NISTIR 7396 2007] . There is no specific technical solution prescribed in performance-based design to achieve this intention, so it provides the engineers with more flexibility to design with non-traditional systems and materials and to achieve innovative design solutions [Ellingwood 2008 ]. Performance-based design allows the quantitative evaluation of performance for comparison of design alternatives and thus the optimisation of the design. It is necessary that structural performance levels and objectives can be gathered by measurable quantitative indicators and that the structural behaviour can be predicted realistically. Within this framework, the hazard scenario can be threat-specific or threat-independent, and the design methods can be indirect or direct [NISTIR 7396 2007] . 
FIGURE 2 -FRAMEWORK FOR PERFORMANCE-BASED DESIGN AND PRESCRIPTIVE DESIGN
Finally, it should be noted that the term prescriptive design is interpreted differently in other publications. Such design methods are denoted as prescriptive whose input parameters (loads, damages) are predefined through standards and design guidelines [see Marchand et al. 2008b] ; in this sense, the term prescriptive design refers to the specification of the hazard scenario. According to the distinctions suggested above, such an interpretation corresponds to the term threat-independent design rather than to the term prescriptive design.
Summary
The terms threat-specific and threat-independent design categorise the way in which the hazard scenarios endangering the structure are determined. The terms direct design and indirect design describe the way in which the structure is designed for these predetermined hazard scenarios. Since the terms direct design and indirect design refer to the used design methods, the terms prescriptive design and performance-based design refer to the overall design process. Within a performance-based design process, the hazard scenario could be determined in a threat-specific or a threat-independent way and the design methods could be direct or indirect. To note, it is not possible to equate direct design with performance-based design. On the other hand, within a prescriptive design process, the specification of design objectives and any verification is not necessary; the prescriptive design process simplify to only the application of indirect design methods. So, prescriptive design could be equated with indirect design. This summary is graphically depicted in Figure 2 . non-structural methods reduce probability prevent the event protect against the event reduce intensity event control protection
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threat independent threat specific FIGURE 3 -DESIGN METHODS TO PREVENT PROGRESSIVE COLLAPSE
DESIGN METHODS FOR COLLAPSE RESISTANT STRUCTURES
The design strategies to prevent progressive collapse outlined above can be implemented by various design methods as shown in Figure 3 . These design methods are briefly explained in the following.
Event Control
Event control (EC) focuses on reducing the exposure of the structure by preventing or reducing the probability of occurrence as well as reducing the intensity of abnormal events acting on the structure that might lead to a progressive collapse, and thus addressing P(E). This approach does not increase the inherent resistance of the structure to progressive collapse and is dependent on factors that are generally not within the control of a structural engineer; it is obviously threatspecific.
Local Resistance
The local resistance method attempts to prevent an initial structural failure as a consequence of the occurrence of an abnormal event which could trigger a progressive collapse, and thus addressing P(D|E). Therefore, key structural elements are explicitly designed with sufficient strength to withstand the effects of a specific abnormal event without suffering any damage. It requires numerical simulation (with non-linear dynamic analysis methods) or empirical data to demonstrate a key element's ability to withstand a design threat [NISTIR 7396 2007] . This is obviously a direct design method and inherently threat-specific. Another way to achieve local resistance is by designing key elements to sustain the effects of a model of abnormal events, e.g., nominal loads. In this sense, this direct design method could be classified as threat-independent.
Local resistance could also be addressed by an indirect design approach using prescribed construction layouts for standard building components and detailing that should provide certain resistance.
Bridging
The bridging method is used to design structures with the capability of bridging across a local failure zone whereby the resulting extent of damage should not exceed specified damage limits. For this, the structure is required to redistribute the loads of the failed elements to alternate load paths consisting of the remaining undamaged structural elements. This method is directly related to the overall structural performance after some damage has occurred, and thus P(C|D). It is one way to enhance the robustness of a structure.
The bridging method applied with notional damage (and is thus threat-independent) is called the alternate paths method as established by design guidelines like [GSA 2003] or [UFC 4-023-03 2005] . The alternate paths method is a direct design method and could be performed with a linear or non-linear static analysis starting from a notional element removal or with a non-linear dynamic analysis starting from a notional sudden element failure. In general, more sophisticated modelling provides more realistic results, but it typically requires greater effort. In any case, the analysis of a structure in a severely damaged state can be computationally difficult as will be pointed out in the following section. The alternate load path method is not intended to replicate a particular event acting on the structure [UFC 4-023-03 2005] . Starting from a notional damage is an academic exercise that ignores all other damage to the structure that may accompany the failure of the critical column as the result of an event in real situations. The advantage is that it promotes structural systems with ductility, continuity, and energy absorbing properties that are desirable in preventing progressive collapse [NISTIR 7396 2007] . Performing the bridging method in a threat-specific way with consideration of all effects of the event acting on the structure is also possible. There is no formal difference in the design procedure; only the initial damage state differs, which has to be determined by a preliminary analysis. It seems reasonable to perform this direct design method with a non-linear dynamic analysis.
In addition, an indirect approach to bridging is possible; this is called the tie force method. With this method, the building is mechanically tied together, enhancing continuity, ductility, and development of alternate load paths [UFC 4-023-03 2005] . The goal is to hold the structure together after an abnormal event. In this way, structural response modes not normally accounted for in structural design should become possible, allowing bridging across failed elements with only localised damage. Tie force requirements are prescribed in some codes and design guidelines.
Isolation by Segmentation
The isolation by segmentation method (also called compartmentation or compartmentalisation) limits the extent of collapse progression following an initial structural failure by isolating the collapsing structural part from the remaining structure [Starossek 2007 ]. The structure is segmented by segment borders which are formed by strong elements that could arrest the collapse or weak elements that disconnect collapsing parts from the rest of the structure (structural fuses). Like the bridging method, this method is directly related to the overall structural performance after some damage has occurred, and thus P(C|D). It is the second way of enhancing the robustness of a structure. A comparison of the bridging method and the segmentation method is provided in [Starossek 2007 [Starossek , 2006 . This method starts from a notional element removal or a sudden element failure, and thus threat-independent, or threat-specific from damage states imposed by specific abnormal events. The segmentation method is a direct design method as it requires the investigation of the system response of the remaining structure for the forces occurring during the collapse. This involves large deformations and displacement, separation of structural elements, falling elements striking others below and other kinds of interaction, all requiring an expensive, fully non-linear dynamic analysis. If there is more experience with this method, it seems possible to provide an indirect approach based on prescribed rules for the detailing of segment borders as structural fuses.
Summary
As shown in Figure 3 , the design strategies for enhancing collapse resistance mentioned above could be implemented by five design methods. Event control aims to reduce the exposure of the structure, and thus P(E). The protection method aims to protect the structure against the effects of a given event, and thus P(D|E). Both design methods are non-structural methods and threatspecific. The local resistance method aims to prevent a local failure in case of the occurrence of an abnormal event, and thus P(D|E). The structural property robustness, and thus the probability P(C|D), could be addressed by the design methods bridging and segmentation. The former aims to provide the structure with the capability of bridging across a local failure zone with the resulting extent of damage not exceeding specified damage limits, while the latter aims to limiting the extent of collapse progression following a local failure by isolating the collapsing structural part from the remaining structure. These three methods -local resistance, bridging and segmentation -are structural methods and can be performed in an indirect, a direct threatindependent or a direct threat-specific way.
CONCLUSION
Enhancing collapse resistance is the overall design goal in progressive collapse design. Collapse resistance is defined as the insensitivity of a structure to accidental circumstances. It can be addressed by event control, protection, local resistance or robustness. Robustness -defined as insensitivity of a structure to local failure -is a purely structural property. It can be enhanced within a prescriptive or a performance-based design process. Robustness is addressed by the design methods bridging and segmentation, which can be performed in an indirect, a direct threat-independent or a direct threat-specific way. It is essential to make a clear distinction between the terms collapse resistance and robustness regarding the outlined properties.
The terms threat-specific and threat-independent categorise the way the hazard scenarios facing the structure are determined and the terms direct design and indirect design describe the way the structure is designed for these predetermined hazard scenarios. The terms prescriptive design and performance-based design refer to the overall design process. Within a performancebased design process, the hazard scenario could be determined in a threat-specific or a threatindependent way and the design methods could be direct or indirect. To note, it is not possible to equate direct design with performance-based design. On the other hand, within a prescriptive design process, the specification of design objectives and any verification is not necessary; the prescriptive design process simplify to only the application of indirect design methods. In other words, prescriptive design could be equated with indirect design.
The proposed distinctions seem necessary as there is some confusion regarding the usage of these terms in the literature. The equation of the terms collapse resistance, performance-based, direct design and threat-specific on the one hand and the equation of the terms robustness, prescriptive/indirect design and threat-independent on the other hand should be avoided. Such a use of nomenclature is not useful; creating synonyms does not add insight. This article provides an overview of the different meanings of these four pairs of terms. As long as such distinction is retained, these properties could be named differently if no consensus on a redefinition of these terms is reached.
